Kit ligand (Kitl) , encoded by the Steel (Sl) locus plays an essential role in hematopoiesis, gametogenesis and melanogenesis during both embryonic and adult life. We have characterized a new spontaneous mutant of the Sl locus in mice designated Kitl mice revealed an in-frame tandem duplication of exon 3. A long-range PCR strategy using overlapping primers in exon 3 amplified a ~7 kb product from DNA isolated from heterozygous Kitl Sl-20J mice but not from wild-type DNA that contained sequences from both introns 2 and 3 and an inverted intron 2 sequence, suggesting a complex rearrangement as the mechanism of the mutation.
INTRODUCTION
Many growth factors have pleiotropic effects on multiple cell lineages and influence the growth and development of multiple organ systems. One such growth factor encoded by the murine Steel (Sl) locus is Kit ligand (Kitl) 1 ( also known as stem cell factor (SCF) 2 and mast cell growth factor (MGF) 3 ). Kitl is the ligand of the receptor tyrosine kinase c-kit that is encoded by the dominant white spotting (W) locus. 4, 5 Originally identified through readily observable coat color abnormalities in mice, the study of W and Sl loci has contributed enormously to our understanding of the biology of hematopoietic, 6 ,7 pigment 8, 9 and germ cells 10,11 both during early development and adult life.
Since the first description of W mouse coat color mutants in 1927 12 and Sl mutants in 1956 13, 14 , a large number of other mutations at both loci have been described that are associated with phenotypic abnormalities in multiple cell lineages. In general, heterozygotes at these loci exhibit dilute coat color ventrally or a white belly spot and /or a forehead blaze 15 .
Some mutant alleles are associated with mild effects on hematopoiesis and fertility in the heterozygous state. Depending upon the specific mutant allele, homozygotes display lethality late in gestation and perinatally or can be viable with significant pigmentation defects, variable degrees of anemia and reduced fertility 6 .
Alternately spliced mRNA results in the production of two isoforms of the mature Kitl protein. 16 Transcripts that include exon 6 sequences encode a glycoprotein that contains a proteolytic cleavage site. Cleavage at this site results in the production of the major soluble
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From form of the protein. Alternately spliced transcripts that lack exon 6 gives rise to a membrane-associated isoform due to the absence of the primary cleavage site 7, 17 . Although the biological significance of the two isoforms is not completely understood, evidence from the study of specific Kitl Sl mutants (Kitl Sl-d , Kitl ) 18, 19 as well as other experiments suggests a differential role for the two isoforms of the protein in the activation of c-kit and downstream signaling [20] [21] [22] [23] [24] .
Characterization of the Kitl Sl mutant alleles has identified an array of diverse alterations at the molecular level. The originally described mutant allele (Kitl Sl ) and Steel-grizzly belly (Kitl Sl-gb ) allele lack the entire coding sequence of the Sl gene, and homozygosity for these alleles is associated with embryonic lethality 25 . The Steel-dickie (Kitl Sl-d ) allele contains a 4 kb intragenic deletion that includes the sequences encoding the membrane-spanning region of the protein that leads to the production of an obligatory secreted prot ein 26 .
Another characterized mutant allele, Kitl , has a point mutation in the 3' splice acceptor site of intron 7 that is responsible for the generation of transcripts lacking sequences encoded by exon 8. The alteration in the reading frame results in a cytoplasmic tail containing novel amino acids and reduced presentation of the membrane-associated isoform of Kitl 27, 28 . By contrast, Kitl Sl-panda and Kitl Sl-contrasted alleles do not show any structural changes in the genomic sequence of the Sl gene. However, DNA rearrangements located over 100 kb 5' to the coding region in these alleles are associated with reduced expression of the Kitl protein and a mutant phenotype 29 . Recently seven new Nethylnitrosourea (ENU)-induced Kitl Sl mutant alleles have been described with point mutations in the coding region 30, 31 .
For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From
In this study we describe a newly identified spontaneous Kitl Sl mutant allele designated Kitl that arose in the C57BL/6J breeding colony at The Jackson Laboratory (Bar Harbor, ME). Although many spontaneous and ENU-induced Kitl Sl mutant alleles with diverse alterations have been described at the molecular level, several features make this allele unique. Here we show that the Kitl Sl-20J allele contains a tandem duplication of exon 3
that represents an important internal gene duplication event not previously reported for the Sl gene. Analysis of the mutation at the genomic level suggests a complex rearrangement requiring a mechanism involving two distinct mutational events. "Complexity analysis"
demonstrates that sequences in introns 2 and 3 of the Sl genome may have contributed to the generation of the mutation. The mutant Kitl protein is expressed, but in vitro studies demonstrate a lack of binding to the receptor c-kit. The resulting phenotype is an intraembryonic lethal in the homozygous state.
MATERIALS AND METHODS

Animals
Spontaneous mutant mice with a white belly spot were observed in the breeding colony of 
Fetal liver hematopoiesis
Heterozygous Kitl
Sl-20J mice were intercrossed and fetal livers were dissected from 14.5 dpc littermate embryos. Single cell suspension of fetal livers was prepared by gentle homogenization and filtering through a 40 micron filter and cell counts and viability were determined using 0.4% trypan blue staining. A standard progenitor assay was performed in triplicate by seeding 5 x 10 4 unfractionated fetal liver cells in 1 ml methylcellulose medium containing 1% methylcellulose (Stem Cell Technologies, Inc, Vancouver, Canada), 30% fetal calf serum (FCS) (Hyclone, Logan, UT), 1% BSA, 10 -4 mol/L 2-mercaptoethanol, 4 U/mL erythropoietin, 100 ng/mL rrSCF, 100 ng/mL granulocyte colony stimulating factor (G-CSF), 100 ng/ml megakaryocyte growth and development factor (MGDF) (all from Amgen, Thousand Oaks, CA) and 100 ng/mL murine Interleukin-3 (IL-3) (Peprotech, Rocky Hills, NJ). Colony forming unit-erythroid progenitors (CFU-E) were counted after two days in culture while myeloid colonies and burst forming unit -erythroid 
Complexity analysis
Complexity analysis, as devised by Gusev et al. 32 and described by Chuzhanova et al. 33 , was used here to examine the potential contribution of local DNA sequence structure to the mechanism of indel formation. Figure   1A ). The fetal livers in the homozygous embryos were also pale ( Figure 1B) 34 .
RESULTS
Embryonic lethality of
Since severe mutant Sl alleles can affect germ cell development, we also examined the genital ridges harvested from 13.5 dpc littermates by alkaline phosphatase staining.
Primordial germ cells were not detectable in genital ridges harvested from Kitl Sl-20J /
Kitl
Sl-20J embryos as demonstrated by the lack of alkaline phosphatase staining when compared to wild-type embryos ( Figure 1C ). Long range PCR product generated from DNA isolated from heterozygous Kitl mice confirms mutation at the genomic level
In frame tandem duplication of exon 3 in the mutant
For personal use only. on April 14, 2017. by guest www.bloodjournal.org From A possible mechanism giving rise to exon duplication is illegitimate recombination between repetitive elements present in introns ( Figure 3A ). To test for this mechanism we designed a long -range PCR strategy that employed primers located in exon 3 such that a PCR product could be generated only in the presence of duplicated genomic exon 3 sequences ( Figure 3B ). Genomic DNA was isolated from heterozygous Kitl and wildtype C57BL/6J mice and subjected to long-range PCR analysis. The amplification of DNA from Kitl Sl-20J mice yielded a band of ~7kb ( Figure 3C , lane 2) whereas no band was generated from genomic DNA isolated from wild-type mouse ( Figure 3C , lane 3). A similar result was obtained from DNA isolated from a Kitl
The proposed mechanism of illegitimate recombination predicted that the sequence between the duplicated exon 3 would include sequences derived from both introns 2 and 3
( Figure 3A ). Analysis of the amplified long-range PCR product sequence yielded 5' sequence from intron 3 at one end and 3' sequence from intron 2 on the other end of the amplified product (data not shown). These data support illegitimate recombination as the mechanism of exon duplication.
Complexity analysis of intron sequences suggests a two-step complex rearrangement as the likely mechanism mediating duplication of exon 3
Sequence analysis of the amplified long range PCR product also yielded a unique 141 bp sequence at the junction of intron 3 and 2 that represents an inverted repeat of downstream
For personal use only. on April 14, 2017. by guest www.bloodjournal.org From sequence in intron 2 ( Figure 4A ). This strongly suggested of a complex rearrangement in the genomic sequences of the Kitl Sl-20J mice resulting in the germline-transmitted mutation.
The complexity or regularity of the DNA sequence in the vicinity of complex lesions has previously been found to be indicative of the possible mechanism of mutagenesis 33 .
Complexity analysis of DNA sequence, as devised by Gusev et al., 32 was utilized to examine the potential contribution of the regularity of local DNA sequence structure to the mechanism of mutagenesis. This technique is based on the assessment of the occurrence of four different types of repetitive sequence element viz. direct and inverted repeats, and inversions thereof 32, 33 . Moreover, the type of repetitive element identified as making the most significant contribution to the change in local DNA sequence complexity is that which is most likely to be involved in mediating the mutation. The most probable path of lesion formation is that in which the change in complexity is maximized.
Complexity analysis suggested that the first step in the formation of the duplication/insertion rearrangement in the Kitl Sl-20J allele was likely to be the insertion of 141 bp mediated by an inverted repeat. This repeat appears to have promoted the formation of a hairpin loop ( Figure 4B ) which then templated the insertion of 141 nucleotides thereby repairing the loop and forming a more prominent structure. The second step, duplication, is readily explicable by a model of slipped mispairing. Two copies of a direct repeat, T(AC) 14 (positions 1395 in intron 2 and 1274 in intron 3 as shown in Figure 4C ), are thought to have been responsible for mediating this duplication; the nascent strand would have slipped backwards thereby templating the insertion of exon 3 and flanking intronic sequences. Figure 6B ). This result demonstrates that the lack of biological activity of the mutant Kitl Sl-20J protein utilized is most likely due to defective c-kit binding. For personal use only. on April 14, 2017. by guest www.bloodjournal.org From insertion and duplication. We propose that the insertion was mediated by an inverted repeat and that this was followed by the duplication of exon 3, explicable by a model of slipped mispairing.
DISCUSSION
We next studied the consequence of the tandem duplication of exon 3 on the biological properties of the mutant Kitl protein that results in an embryonic lethal phenotype. an important role for exon 3 encoded sequences in receptor binding.
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